ABSTRACT The 4.2% mismatch at the Si/Ge interface has a significant impact on Si/Ge photodetectors. However, few researchers have attempted to determine the major noise source or study the effects of the Si/Ge interface on the dark current, the responsivity and the 3-dB bandwidth of these devices. In this letter, we found that the dark current was dominated by generation-recombination processes that were enhanced by trap-assisted-tunneling around the interface below 220 K, with a characteristic tunneling energy of E 00 = 14 meV corresponding to an effective mass of m * = 18m 0 . This behavior can be explained by the rise in the heavy-hole band caused by the compressive strain on the Ge layer. When the temperature increased above 240 K, Shockley-Read-Hall recombination was clearly observed and believed to be dominant. The responsivity, the collection efficiency and the absorption efficiency were all extracted at 850 nm, 1310 nm, and 1550 nm. The absorption coefficient around the interface was found to be lower than that of the bulk material. In addition, comparison of the measured 3-dB frequency (∼20.6 GHz @ −0.5 V) with the theoretical value (∼29.37 GHz) indicated that defects have little effect on the bandwidth at high frequencies. Photodetector, germanium. 
I. INTRODUCTION
Germanium-on-silicon (Si/Ge) photodiodes are important building blocks in silicon photonics-based sensing, communications and optical interconnections at 1550 nm and 1310 nm because of their low cost and their complementary metal-oxide-semiconductor (CMOS) compatibility [1] . In addition, as CMOS-compatible photodiodes, Si/Ge photodiodes are key components for photonically-enabled application-specific integrated circuits (ASICs). The monolithic photonic integration modules and products with Si/Ge photodiodes have been fabricated by Intel and IBM [2] - [4] . However, there is a well-known 4.2% lattice mismatch between Ge and Si that causes high-density point dislocations at the interface between Ge and Si layers and threading dislocations in Ge epitaxial layers [5] - [7] . Therefore, during initial development, the silicon layer was used only as a substrate layer, and photodiodes were fabricated in the Ge material without the Si/Ge material interface [8] , [9] . However, with recent advances in Ge epitaxial technology, Si/Ge heterojunction photodiodes that use the Si layer as both substrate and contact layer have been extensively used and researched [9] - [17] . Among the available Si/Ge heterojunction photodiodes, the vertical p+(Ge)-i(Ge)-n+(Si) heterojunction photodiode structure has been widely researched and used to construct high-speed photodetectors with promising device performance levels [18] - [21] . However, because of the high point dislocation density that occurs at the interface, the generation-recombination current is greatly enhanced by trap-assisted tunneling at the Si/Ge interface (J inter ). Additionally, because of the lower Ge bandgap, the generation-recombination current governed by the Shockley-Read-Hall (SRH) process (J SRH ) in Si/Ge photodiodes is higher than that in III-V photodetectors [22] , [23] . Therefore, the dark current in a vertical p+(Ge)-i(Ge)-n+(Si) photodiode (44.1 mA/cm 2 ) is significantly higher than that in commercial III-V photodetectors (15.2 µA/cm 2 ) [24] . However, there have been no reports to date of determination of the major noise source or consideration of the effects of interface states on the responsivity and 3-dB bandwidth of Si/Ge photodetectors.
In this letter, the interface effects on the dark current density in a vertical p+(Ge)-i(Ge)-n+(Si) on SOI (siliconon-insulator) substrate photodiode are presented. The ideality factors and activation energies are then used to analyze the dark current and identify the major noise source. Next, the light currents at different input powers, wavelengths and 3-dB bandwidths are measured at 1550 nm and the effects of the interface on these currents are analyzed. 
II. STRUCTURE
A schematic of the detector's cross-section is shown in Fig. 1(a) . A SOI substrate with a 2.0-µm-thick buried oxide layer and 1.0-µm-thick highly-phosphorus-doped Si (phosphorus-doped concentration: N p : ∼6 × 10 19 /cm 3 ) layer was chosen to reduce the radio-frequency losses. A Ge film was deposited on the SOI wafer by ultra-high-vacuum chemical vapor deposition (UHV-CVD) [25] . Mesa structures with 15 µm, 18 µm, 20 µm, 25 µm, 30 µm, and 40 µm diameters were then etched [25] .
III. DARK CURRENT ANALYSIS
The dark current (I dark ) is a superposition of six major individual current mechanisms: (1) the diffusion current (I diff ), (2) the generation-recombination current governed by the SRH process (I SRH ), where recombination occurs in the bulk semiconductor, (3) the generation-recombination current enhanced by trap-assisted-tunneling at the Si/Ge layer interface (I inter ), (4) the band-to-band tunneling current (I btb ), (5) the avalanche current (I ava ) that occurs under high electric fields, and (6) the shunt resistance current (I shunt ). The dark current (I dark ) is the sum of the above mechanisms: (1) where I btb and I ava are generated at electric fields >3 × 10 5 V/cm [22] , which corresponds to a working voltage of more than −21 V for our devices. I shunt is given by I shunt = V/R s ; the shunt resistance (R s ) is generally approximately 10 11 and I shunt is thus negligible here [26] . Therefore, the main dark current components are I diff , I SRH , and I inter , as illustrated in Fig. 2 . The ideality factor (n) under forward bias and the activation energy (E a ) under reverse bias are generally used to analyze and differentiate these current sources [27] - [29] .
1) I diff is caused by thermally generated minority carriers, which are initially located inside the quasi-neutral regions, diffusing across the junction to maintain charge neutrality. In diffusion-limited diodes, the ideality factor under forward bias is n diff = 1 [30] , and the activation energy under reverse bias is E a-diff = E g [31] . 2) For the SRH process-limited current, the ideality factor under forward bias is n SRH = 2T * /(T + T * ), where T* is the characteristic temperature related to the defect distribution in the bandgap of the bulk material [32] , and the activation energy under reverse bias is
where E 00 is the characteristic tunneling energy and k B is the Boltzmann constant. In addition, the activation energy under reverse bias E a-trap < E g /2 [34] , as determined based on the impurity energy level and the doping concentration. Therefore, dark currents at different temperatures in our 20-µm-measured-diameter device were measured using an Agilent B1550A semiconductor device parameter analyzer and a probe station integrated with a LakeShore temperature controller; the results are shown in Fig. 3(a) . The measurement current is limited above 10 −11 A because of the minimum perturbation error of the probe station.
The ideality factor was determined using the formula n =
under forward bias [35] , and was indicated to be a function of temperature by the diamond points shown in Fig. 3(b) . In the 100-280 K range, the ideality factor is greater than n diff , meaning that the diffusion current is not the major noise source. Function curves of n SRH and n trap were used to fit the n-T curve. At temperatures lower than 220 K, the n-T curve coincides with the curve of n = E 00 k B T coth( E 00 k B T ), where E 00 = 14 meV (or E 00 /k = 162.46 K), thus indicating that the dark current is dominated by the generation-recombination current enhanced by trap-assistedtunneling at the interface. Here, E 00 is dependent on the p+ Si layer's doping concentration and the effective masses of the carriers in our diode, i.e., E 00 = 2 N p m * ε [36] , and the effective mass is m * = 18m 0 . This can be explained using band structure theory for compressively stressed Ge. The Ge layers around the interface are initially compressively strained by the silicon layer, causing the valence sub-bands to split; here, the top of the valence band is the heavy-hole band. The heavy-hole band energy increases and the effective masses are consequently enlarged. When the temperature exceeds 240 K, the n-T curve coincides with the curves of n = 2T * /(T + T * ), and thus the dark current is dominated by the SRH process. Here, T* is equal to 359.7 K, corresponding to a characteristic energy E * = kT * equal to 31 meV, and the defect density energy distribution is determined using N T (E) ∝ exp(2E/E * ) [37] .
The activation energy (E a ) was found using I dark ∝ exp(−E a /kT). Therefore, E a is the slope of the function curve of the I dark vs. 1000/T plot shown in Fig. 3(c) . The activation energy is shown as a function of reverse bias voltage in Fig. 3(d) and is lower than E g / 2, which means that the generation-recombination current enhanced by trap-assisted tunneling at the interface is the major source of the dark current under reverse bias. Because the tunneling probability is dependent on the barrier width, the generation-recombination current enhanced by trap-assisted tunneling increases exponentially with increasing reverse bias voltage, while the activation energy decreases with increasing voltage, as shown in Fig. 3(d) .
IV. RESPONSIVITY
The input light wavelengths are 850 nm, 1310 nm and 1550 nm, and the power ranges from 0 to 0.37 mW. The output currents were measured, with results as shown in Fig. 4(a) , as functions of input optical power and wavelength indicated by hollow discrete points. The responsivity (R) is a key parameter for photodetectors. The output current (I output ) is a first-degree polynomial function of the effective input optical power (P input ), and the first-degree coefficient is R, i.e.,
Here, I 0 is the intercept current of the linear curve and is related to the noise and dark current of the device. The responsivity is the slope of the fitting curve of the output current versus the input optical power, as shown in Fig. 4(a) . The measured responsivities are 0.518 A/W, 0.425 A/W and VOLUME 7, 2019 9 0.249 A/W at 850 nm, 1310 nm and 1550 nm, respectively. The corresponding theoretical absorption efficiencies of our structure are thus 79.32%, 48.41% and 24.12%, respectively, as determined using the scattering matrix method [38] . The intercepts of the three linear fitting curves on the output current axis do not coincide, which may be explained by coupling and fiber loss errors or perturbation of the dark current at low incident powers. The theoretical input optical power distributions in the Ge layer at 850 nm, 1310 nm and 1550 nm are calculated by P = P 0 exp(−αW), where the α is absorption coefficient, W is the light propagation depth and P 0 is the initial input optical power of Ge layer, as shown in Fig. 4(b) . At 850 nm, the absorption length of the Ge material is 0.5 µm, which is lower than the Ge layer thickness in our devices [39] , and the ratio of theoretical to measured responsivity is approximately 95.26%, which could represent the collection efficiency of the photon-generated carriers. Therefore, it can be concluded that the Si/Ge interface has little or no effect on the collection of the photo-generated carriers. However, at 1310 nm and 1550 nm, the absorption lengths are 1.25 µm and 3.33 µm, respectively, which are much greater than the Ge layer thickness. The responsivity ratios are 83.09% and 82.59%, respectively, which are lower than those at 850 nm, as shown in Table 1 . This can be explained by the lower Ge absorption coefficient around the interface because of compressive stress around the interface because of the high dislocation density. Assuming that the 800 nm Ge layer was divided into a 750 nm regular bulk Ge layer and a 50 nm virtual interface Ge layer. The transfer matrix method was utilized to calculate the absorption coefficient of the virtual layer, and found that it is equal to 6100/cm at 1310 nm and 1500/cm at 1550 nm, lower than bulk Ge. Therefore, it is reasonable to infer that the Si/Ge interface could reduce the photon absorption efficiency around it [40] . In other words, the interface reduces the effective absorption coefficient but has little effect on the collection efficiency. 
V. BANDWIDTH
The bandwidth, i.e., the 3-dB-cutoff frequency ( f 3dB ), is another important parameter for photodetectors. In the photodetector bandwidth measurement experiments, the bandwidth is the 3-dB cutoff frequency of the S 21 parameter determined using a vector network analyzer [41] . Therefore, the photodetector bandwidth ( f 3dB ) is actually the system cutoff frequency, which is limited by the photodetector's carrier transition time ( f t ) and the resistor-capacitor RC delay ( f RC ) of the system with load resistance (R L ):
Ideally, f RC can be calculated using [43] , and W D is the depletion region thickness (here, W D = 0.7 µm). The measured R pd of our 20-µm-diameter devices is 8.05 . Therefore, theoretically, the 3-dB bandwidth of the 20-µm-diameter device is 29.0 GHz, which is determined using the RC delay frequency (∼29.8 GHz).
The R&S ZNB 40 vector network analyzer was used to measure the 3-dB bandwidth, and results for 20-µm-diameter devices are shown in Fig. 5 . The 3-dB cut-off frequency is 20.6 GHz at −0.5 V. At high frequencies, the carrier exchange between the defect states and the energy band was actually limited [44] . Therefore, the interface has a negligible effect on the high-frequency responses of Si/Ge photodiodes, 10 VOLUME 7, 2019 and the parasitic capacitances of the pad metal, mesa sidewall and the measurement system cause the bandwidth to be lower than the theoretical value [45] . 
VI. CONCLUSION
In conclusion, in Ge-on-SOI photodiodes, carriers are considered to tunnel through the triangular barrier around the interface, meaning that trap-assisted tunneling enhances the dark current at low temperatures and a high reverse bias voltage. A characteristic tunneling energy of 14 meV was extracted at low temperature, which is related to a heavy effective mass of 18m 0 , indicating that high compressive strain occurs and a heavy-hole band arises around the Si/Ge interface. A characteristic distribution energy of E * = 31 meV was extracted at high temperature, which corresponds to a defect state density of N t (E) ∝ exp(2E/E * ), which follows a tail distribution. There are large differences between practice and theory in the responsivity performance, with ratios of 95.56%, 86.07% and 85.69% at 850 nm, 1310 nm and 1550 nm, respectively. This means that the Si/Ge interface would reduce the photon absorption efficiency or the lifetime of photo-generated carriers around it but has little effect on the collection efficiency. Additionally, the 3-dB-cut-off frequency was measured to be 20.9 GHz. Defects are believed to have little impact on the bandwidth at such high frequencies. Therefore, while Si/Ge interface states degrade the dark current and absorption, Ge remains one of the best choices for next-generation detectors to achieve high bandwidth detection.
